Abstract. Within cytogenetic preparations chromosomal breaks can be observed in patients suffering from Fanconi anemia (FA), a recessively inherited syndrome with an extremely elevated cancer risk, but also in healthy individuals as so-called fragile sites (FS). It is known that FS cytogenetically co-localize with tumor-and evolutionaryconserved chromosomal break-points. The also suggested colocalization of FS and FA associated break-points (FA-bp) was studied here for the first time systematically by molecular cytogenetics. Metaphase chromosomes were obtained from lymphocytes of two FA patients (FANC-A and FANC-C, respectively). Overall 50.58% of the investigated FA-bp correspond to cytogenetic regions with known FS. A detailed molecular cytogenetic study applying FS-spanning probes revealed that 24/29 (82.8%) of analyzed FS are in concordance with FA-bp. Notably, FA-bp show a distribution pattern deviating from that of Aphidicolin induced FS. FA-bp appear more frequently within GTG-light bands and additionally, a yet unreported correlation was observed between break rate and chromosomal banding level. In future, FA-bp might serve as model for the mapping and analysis of otherwise rarely observable FS.
Introduction
Fanconi anemia (FA) is a so called 'chromosomal breakage syndrome' inherited in an autosomal or X-chromosomal recessive manner with a prevalence estimated at 1:100,000 live births (1) . Cells of FA-patients show hypersensitivity to DNA-crosslinking agents such as diepoxybutane, cisplatin and mitomycin C (MMC) (2) . Cytogenetically, FA is characterized by a high incidence of chromosomal gaps, breaks and rearrangement figures consisting of several chromosomes or chromosome parts. FA is caused by different defects in proteins of the pathway responsible for DNA double strand breakage repair. Currently 13 complementation groups are reported; 90% of them constitute FANC-A, -C, -G, -D1 and -D2 (3). Seventy-five percent of FA-patients show constitutional abnormalities such as deformities of thumb and radius, heart, urogenital and gastrointestinal tract, microcephaly, microphthalmy and microsomy. Progressive bone marrow failure and a resulting anemia are the characteristic symptoms of FA together with a high incidence of leukemia and early onset of (squamous cell) cancer. The latter are thought to be linked to the high rate of chromosome breakage. In this context, FA seems to be an interesting model for carcinogenesis not only on the moleculargenetic level (4) but also on the chromosomal level.
Chromosomal breaks do not only occur in specific syndromes and cancer they are also part of the normal chromosome structure and can be induced by specific culture conditions. These so-called fragile sites (FS) are chromosomal regions that show a high incidence of gaps and breaks in metaphase chromosomes of healthy individuals. They are thought to be expressed due to partial inhibition of DNA synthesis and represent sites of late replication (5) . The expression of FS can even be augmented by adding aphidicolin, an inhibitor of polymerase · (6). Although the reason for their fragility is not completely been elucidated yet, all FS examined so far show AT-rich islands and an elevated incidence of DNA areas with high flexibility (7) . It was demonstrated that the lack of special proteins like ATR leads to a higher FS expression and are therefore involved in the maintenance of chromosome stability (8) .
FS are involved in chromosomal rearrangements (9) , virus integration (10), sister-chromatide exchange (11) and gene amplification (12) . Because of these features FS can contribute to oncogenesis (13) . Furthermore, several FS include tumor suppressor genes such as the FHIT-gene in FRA3B or the WWOX-gene in FRA16D (14) . Due to these findings FS became a novel significance in the field of cancer genetics. Besides cancer, FS play a role in chromosome evolution in hominoidae: there is evidence that evolutionary conserved break-points co-localize with known FS on the molecularcytogenetic level (15) . Therefore, FS seem to act as 'hot-spots of recombination'. 
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It was shown previously, that MMC induced chromosomal breaks in metaphases of FA-lymphocytes co-localize on the cytogenetic level with FS (16) (17) (18) . Based on these cytogenetic studies and on the findings that FS co-localize with evolutionary conserved and tumor associated break-points on the molecular-cytogenetic level we hypothesized a molecular co-localization of FS with FA-break-point regions. To address this question in more detail we present the first molecular cytogenetic investigation of FA-bp in comparison to FS. Cytogenetics. For patient 1 and the three controls 5 ml peripheral venous blood was cultivated according to standard procedures (19) . Chromosomal breaks were induced by adding MMC in final concentration of 50 ng/ml 24 h after culture set up and 48 h before harvesting in one out of two culture flasks. The second culture not treated with MMC served as negative control. Standard protocols were used for preparation of fixed cell suspension. The lymphoblastoid cell line of patient 2 was treated the same way, excluding growth stimulation by phytohemagglutinine.
Materials and methods

Materials
Molecular cytogenetics. Thirty-four BAC clones were obtained from the Children's Hospital Oakland Research Institute (CHORI), Oakland, CA, USA or kindly provided by the Sanger Center. A list of all bacterial artificial chromosome (BAC) clones is given in Table I . BAC DNA was isolated, PCR-amplified and labeled as described (20) . Single and multicolor fluorescence in situ hybridization (FISH) techniques were performed according to published protocols (20) .
Cytogentic and molecular cytogenetic analysis were done with an Axioplan 2 fluorescence microscope (Zeiss, Jena, Germany), a standard CCD-camera and the software ISIS (MetaSystems, Altlussheim, Germany). Chromosome banding was achieved by DAPI counterstaining (4',6-diaminidino-2-phenylindoleb, Sigma).
Only chromosome (22%) or chromatide breaks (78%) were included in the break-point analysis (Fig. 7) .
Results
Breakage rates. An initial cytogenetic analysis of the studied FA patients and three healthy controls revealed the expected enhanced breakage rate in FA-patients when cultures were treated with MMC as well as without induction (Fig. 1) . In control persons spontaneous breakage rates deviate from 0.0004 (±0.004) to 0.0012 (±0.009) (breaks per chromosome number; average of all metaphases; n=54-56 metaphase spreads), whereas FA-patients ranged from 0.0028 (±0.0008) to 0.0044 (±0.0014) (n=105-106 metaphase spreads). Cells of control persons induced with MMC reached between 0.0028 (±0.001) and 0.01 (±0.003) (n=49-56 metaphase spreads) and FA-patients between 0.1512 (±0.0092) and 0.1870 (±0.0093) (n=186-240 metaphase spreads).
Cytogenetic co-localization and frequency.
A more detailed examination of DAPI-banded chromosomes revealed that 50.58% of all FA-bp are located within FS regions on a cytogenetic level (Fig. 2) . FS that normally appear frequently in healthy individuals after induction, for example FRA3B and FRA16D, were quite rare, and those ones normally rare were observed often in FA-chromosomes (see Table II ).
Molecular cytogenetic co-localization. FA-bp located within an FS-region on the cytogenetic level were further analyzed by FISH-technique in order to reveal or exclude a colocalization also on the molecular-cytogenetic level. Twentynine FS were analyzed by 38 different BAC-probes (Table I) characterizing these FS. BAC-probes were selected according to molecular genetic and molecular cytogenetic data from the literature (Table I) . FS-specific FISH proofed for the first time a molecular cytogentic co-localization of FS and FA-bp in 24 out of 29 analyzed FS (82.8%), respectively. Fig. 3 shows two examples for FA-bp mapping by FSspecific BACs. For each FA-bp association with an FS 2-3 or 4 or more metaphases with the corresponding FA-bp were analyzed (Fig. 4 ).
Break rate and band level/GTG-light bands.
Additionally, this study demonstrated that the observable break rate in FA or control lymphocyte preparations correlates positively with the chromosomal band level. At a level of 450 bands per haploid karyotype the break rate was on average 0.1419 (±0.008; patients 1 and 2), whereas it was 0.2785 (±0.0148; patient 1 and 2) at a 650-band level (Fig. 5) . Furthermore, it is remarkable that 58% of all breaks observed (patients 1 and 2, 
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a FRA1A, FRA1D, FRA1E and FRA1J are more frequently observed as FA-bp while it is vice versa for FRA3B, FRA4C and FRA16D. . Twenty-four out of 29 different analyzed FA-bp showed a colocalization with an FS. The dark gray marked parts of the first column represent FA-bp which could be studied by FISH between 4 up to 13 times (≥4x). The remaining FA-bp were found between 2 and 3 (2-3) times only; however, in 15 of these cases the results showed co-localization of FA-bp and FS-specific BACs. In 5 cases no co-localization could be detected (see also  Table I ). 400-450 band-level, n=263 breaks) occurred in GTG-light bands and only 18% in GTG-dark bands (Fig. 5) . The remaining 24% of breaks were located in bands next to the centromere (13%), in heterochromoatic regions of the chromosomes (1%) or between GTG light and dark bands (10%).
-------------------------------------------------
Discussion
Cytogenetic co-localization and frequency. About 50% of all breaks analyzed for their cytogenetic localization in FA patients were located within FS (Fig. 2) . Thus, FS are obviously overrepresented within the FA-bp. At present about 120 FS are reported in the literature (22) . Overall this finding implies an important role of FS in FA associated chromosome fragility.
How can the expression of FS in FA-metaphase chromosomes be explained? i) FA on the one side and FS on the other share parts of their molecular pathways. Previous studies were able to show that several proteins involved in FA pathway also play a role in FS instability. Casper and colleagues (8) demonstrated that the loss of ATR, a protein interacting with the FA pathway, leads to an elevated FS expression. Arlt and colleagues (23) provided evidence that BRCA1, which builds nuclear foci with FANC-D2, -J, D1 etc. in case of DNA-damage, is essential for FS-stability. When down-regulated, FS expression is two-to four-fold compared to levels in control cells with normal BRCA1 expression. Another study by Howlett and coworkers illustrated that a knock-out of the FA-pathway leads to a higher expression of APH induced FS (24) . These findings can possibly explain why the FS expression in the two analyzed FA-patients is very high.
ii) The concordance of FS and FA break-points can be explained by mechanistic reasons: the chromosomal band level, i.e., the decondensation of the chromosome (25) influences the break rate observed in chromosomes (Fig. 5) . This positive correlation between band level and break rate can be explained by a mechanistic hypothesis: a high banding level seems to boost chromatide breaks for mechanic reasons, as it seems to be conceivable that long chromosomes with more decondensed chromatin structure are more affected by discontinuities during the process of chromosome preparation. Here we postulate that this plays a role in all chromosomes, also in chromosomes of healthy individuals. It is also possible that the break rates in different band levels are the same, but can only be seen when they are elongated to a certain extent, as is the case in higher band levels. The observation that light euchromatic bands are more often subject to breaks than dark heterochromatic bands (Fig. 6 ) also indicates that chromosome structure seems to play an important role in chromosome fragility such as the band level: areas with decondensed chromatin structure (light euchromatic bands) are as locus minoris resistentiae predisposed for expressing breaks first.
iii) The high FS expression in FA cells can be caused by a similar effect of APH and MMC. APH is an inhibitor of the DNA-polymerase · and ‰ (6,26) whereas MMC is an alkylating substance. Both inhibit the replication of DNA, but it has to be taken into consideration that FA-chromosomes also show a higher incidence of breaks and gaps even without MMC, so that the defect of the DNA-repair seems to be crucial for FS-expression.
In conclusion, it was shown that FS do play a dominant role in FA. This first molecular cytogenetic study verified a co-localization of FS and FA-bp in two different FA complementation groups. . Seventy-eight percent of all break-events were chromatide breaks. Metaphases with 12 or more aberrations were described as complex karyotype.
As FS are considered important factors in terms of developing cancer, it is reasonable to characterize more of the so far cytogenetically described FS on the molecular or molecular cytogenetic level. Our observation that FS, which normally occur infrequently in aphidicolin induced cells, can be found frequently in FA-chromosome spreads makes FA a model system for the fine-mapping of infrequent FS. The link between chromosomal instability and cancer is an intriguing one and needs further investigations especially as far as chromosome structure is concerned.
